These results suggest that NO,-efflux may be an inducible system requiring both RNA and protein synthesis, as does induction of the uptake system. l h e efflux system, however, has a much slower turnover rate than the uptake system.
Net uptake of NO,-by plants is the difference between NO,-influx and efflux across the plasma membrane of root cells (Morgan et al., 1973) . Whereas influx determines the maximum rate of uptake (Lee and Clarkson, 1986) , efflux may be a major component of net NO,-uptake (Deane-Drummond and Glass, 1983a) . At steady-state conditions influx and efflux depend on root NO,-content, translocation, and reduction (Morgan et al., 1973; Jackson et al., 1976; Deane-Drummond and Glass, 1983a) . The relative contribution of influx and efflux to net uptake depends on the prior availability of NO,- (Jackson et al., 1976; Deane-Drummond and Glass, 1983a; Siddiqi et al., 1989) . Whereas earlier reports showed that influx was independent of NO,-pretreatment (Breteler and Nissen, 1982; Deane-Drummond and Glass, 1983a; Glass et al., 1985) , later studies indicated that NO,-influx is strongly down-regulated following accumulation of NO,-in roots (Lee and Drew, 1986; Siddiqi et al., 1989; King et al., 1993) . In contrast, NO,-efflux increases as internal NO,-concentration increases (Jackson et al., 1976; Breteler and Nissen, 1982; Deane-Drummond and Glass, 1983a) .
Influx and efflux of NO,-are independent processes that are regulated by different control mechanisms (Jackson et * Corresponding author; e-mail rltravis8ucdavis.edu; fax 1-916 -752-4361. 1167 Pearson et al., 1981; Deane-Drummond, 1984; Aslam et al., 1994 Aslam et al., , 1995 . NO,-efflux is stimulated (DeaneDrummond and Glass, 1983b; Aslam et al., 1994) and influx is inhibited (Glass et al., 1985; Lee and Drew, 1989) by exogenous NH,'. Acidic pH, root perturbation, and excision stimulate efflux without affecting influx (Aslam et al., 1995 (Aslam et al., , 1996 . In contrast, whereas influx is inhibited in alkaline media, efflux is not affected (Aslam et al., 1995) . Lack of Ca2+ in the exogenous solution stimulates NO,-efflux at pH 3 without affecting influx but has no effect on these processes at pH 6 (Aslam et al., 1995) . The metabolic inhibitors KCN and 2,4-dinitrophenol also differentially affect efflux and influx (M. Aslam, R.L. Travis, and D.W. Rains, unpublished data). KCN stimulates NO,-efflux from barley (Hordeum vulgare L.) roots but has no effect on influx. On the other hand, 2,4-dinitrophenol inhibits influx but has no effect on efflux. Pretreatment of soybean seedlings with certain amino acids inhibited NO,-influx, whereas efflux was essentially unaffected (Muller et al., 1995) .
Reports indicate that efflux begins rapidly after NO,-is absorbed by roots (Deane-Drummond and Glass, 1983a, 198313; Lee and Clarkson, 1986; Siddiqi et al., 1989) and that it may account for a significant proportion of influxed NO,-(Pearson et al., 1981; Lee and Clarkson, 1986; Muller et al., 1995) . Both NO,-influx and efflux are under metabolic control (Ruiz-Cristin and Briskin, 1988; Glass et al., 1990; Aslam et al., 1996) . Although it is well established that NO,-influx is a substrate-inducible process (Jackson et al., 1973; Rao and Rains, 1976; Goyal and Huffaker, 1986b; Warner and Huffaker, 1989; Aslam et al., 1993) , it is not known whether efflux is also an inducible system, or whether it occurs simply as a result of excessive internal NO,-concentration. The measurement of NO,-efflux from roots obviously requires the presence of internal NO,- (Aslam et al., 1994 (Aslam et al., , 1995 ; however, loading roots with NO,-may induce efflux if it is an inducible system. This makes it difficult to determine whether NO,-efflux is solely regulated by its accumulation in the roots or by the induction of an efflux system per se. This could be determined, however, if NO,-accumulation could be facilitated under conditions that would prevent the induction of an efflux system. This was accomplished by incubating the roots in high NO,-condi-Plant Physiol. Vol. 11 2, 1996 tions in the presence of inhibitors of synthesis of RNA and proteins. Under these conditions induction of IHATS is inhibited (Jackson et al., 1973; Tompkins et al., 1978; Morgan et al., 1985) and uptake of NO,-is controlled by constitutive HATS and LATS .
We conclude that, like the uptake system, the NO,-efflux system may be an inducible process and that induction may require the synthesis of both RNA and protein(s). Also, like the uptake system, the efflux system is induced by both NO,-and NO,-. Unlike the uptake system, once induced the efflux system appears to be stable in the presente of NO,-or NO,-.
MATERIALS AND METHODS

Plant Culture
Barley (Houdeum vulgare L. var CM-72) seeds were germinated and grown hydroponically as described previously (Aslam et al., 1979) . The seedlings were grown in 0.2 mM CaSO, in the dark at 25°C for 6 d, transferred to one-quarter-strength Hoagland solution (Hoagland and Arnon, 1950) , and placed in a growth chamber under continuous light (400 pmol m-'s-') at 25°C and 60 to 65% RH. The seedlings were induced with NO,-or NO,-as described below.
lnduction of Efflux and Uptake Systems
Induction is defined as the increase in activity of the system above the endogenous (constitutive) leve1 due to synthesis of RNA and / or proteins. Seedlings were placed in large volumes (5 L) of one-quarter-strength Hoagland solution containing NO,-with or without CHI (10 p~) , pFPA (0.25 mM), or 6-MP (0.25 mM). The pericarp was removed before the seedlings were transferred into the induction solutions. In some experiments the seedlings were pretreated with 1.0 mM NO,-or 0.1 mM NO,-before the inhibitors were supplied. In experiments in which inhibitors were used, NO,-concentration in the induction solutions was increased to 5 to 20 mM to facilitate the accumulation of NO,-to about the same levels as in the controls (see Tables I-IV for root NO,-content). The seedlings induced with higher concentrations of NO,-(5-20 mM) were transferred to solutions containing the same NO,-concentration as the controls before measurements to ensure that the free-space NO,-concentration would be the same in all roots. This required about 10 to 15 min for induction periods of less than 4 h and about 1 h for induction periods of more than 4 h.
"Deinduction"/"Reinduction" of Efflux System
For deinduction of the efflux system, after 24 h of induction in 1.0 mM NO,-the seedlings were placed in NO,--free solution for another 24 h. To determine whether NO,-protected the loss of efflux activity, half of the induced seedlings were placed in 0.1 mM NO,-during deinduction. For reinduction after deinduction the seedlings were transferred into solutions containing 1.0 mM NO,-in the absence or presence of CHI for 12 h.
Measurement of NO,-Efflux
Nitrate efflux was determined by following its accumulation in the efflux solution in the presence of NO,-as described previously (Aslam et al., 1994 (Aslam et al., , 1995 . All experiments were conducted in a miniature growth chamber set at 25"C, 700 pmol m-, s-' PPFD, and 60 to 65% RH (Goyal and Huffaker, 1986a) . Efflux was started by placing 15 seedlings in a 100-mL beaker (50 mm i.d., 80 mm height) containing 60 mL of the efflux solution. Before the seedlings were transferred into the efflux solutions, the roots were rinsed for 5 s in N-free solution containing 0.2 mM CaSO,. The efflux solutions contained 2.0 miv Mes, pH 6, 0.5 mM CaSO,, and 1.0 mM NO,-. The beaker was fitted with a stainless steel screen about 10 mm above the bottom and a magnetic bar was placed below the screen as described previously (Aslam et al., 1994) . The roots were held above the screen. The beaker was placed on a magnetic stirrer for rapid mixing of the solution. Efflux solutions were also aerated during the measurements. Aliquots (0.5 mL) were removed at 1-min intervals for 15 min for efflux measurements by the HPLC system. Cumulative efflux was calculated from the concentration and solution volume data as described by Goyal and Huffaker (1986a) . Efflux rates were calculated by linear regression analysis of the cumulative efflux data after it attained linearity (3-4 min). In a11 experiments y2 values of the regression analysis were more than 0.98 and were significant at P < 0.01.
Measurement of NO,-Uptake
NO,-uptake was determined by following its depletion from uptake solutions (Goyal and Huffaker, 1986a) . The composition of the uptake solution was the same as that of the efflux solution except that NO,-was replaced with 0.16 mM NO,-. Uptake was initiated by placing 15 seedlings in a Pyrex beaker (Corning Glass, Corning, NY) containing 60 mL of the uptake solution. The first sample was withdrawn approximately 2.0 min after transfer of the seedlings into the solution. Aliquots (0.5 mL) for NO,-determination were removed automatically at 1-to 1.5-min intervals by the HPLC system for 9 to 12 min. The duration of the lag period preceding induction of the uptake system (Fig. 3 , inset) was determined by sampling at 7.5-min intervals for 2 h. At that time the NO,-concentration in the induction solution was depleted to about 0.03 mM. Cumulative NO,-uptake was computed from the concentration, and volume data and uptake rates were calculated by linear regression analyses of the cumulative data. In all experiments the y2 values for the regression analyses were more than 0.98 and were significant at P < 0.01.
NO,-Extraction and Determination
NO,-was extracted by homogenizing 2 to 2.5 g of root tissue in distilled, deionized water (4 mL g-') in a chilled mortar and with a pestle and acid-washed sand. The homogenates were centrifuged at 30,OOOg for 15 min, and the supernatants were used for NO,-determination.
NO,-from both the uptake solutions and the root extracts was determined spectrophotometrically by measur-ing AZlO after separation by HPLC on an anion-exchange column (partisil-10 SAX, Phenomenex, Torrance, CA; Thayer and Huffaker, 1980) . The experiments were repeated three to four times, and the results of representative experiments are reported on the basis of root fresh weight. The data presented are the means of two or three replicate determinations. Figure 1 shows the cumulative NO,-efflux and the efflux rates from roots of barley seedlings during a 15-min period following induction with 1.0 mM NO,-. Initially there was a rapid release of NO,-for about 3 min. Efflux then decreased slowly during the next 4 to 15 min. Siddiqi et al. (1991) , using ',NO3-, observed a similar time course of NO,-release from barley roots. The initial rapid efflux ( 3 4 min) has been attributed to loss of NO,-from the root surface film and from the free space, whereas subsequent efflux is apparently from the cytoplasm (Siddiqi et al., 1991; Devienne et al., 1994 ). An efflux rate of 1.32 kmol g-' h-l was calculated by linear regression of the cumulative efflux data between 4 and 15 min. When the rates were plotted on a logarithmic scale efflux decreased slowly. The initial efflux rate, the y intercept, was 1.63 pmol g-' h-I. Thus, the efflux rate obtained by linear regression of the cumulative data was about 20% lower than the initial efflux rate. The half-life of the depletion of cytoplasmic NO3-was about 18 min. Glass and coworkers obtained values of 8 min (Siddiqi et al., 1991) and 17 min (Deane-Drummond and Glass, 1982) using I3NO,-and 36C103-, respectively. Effect of CHI, pFPA, and 6-MP on induction of the NO,-efflux system in roots of intact seedlings. Seedlings were grown in an N-free solution for 6 d in darkness, followed by 24 h in light. Sets of seedlings were then transferred to induction solutions containing 1 mM NO,-or 1 O mM NO,-plus CHI, pFPA, or 6-MP for 12 h. NO,-efflux and uptake rates (Table I) were then determined by following the accumulation and depletion, respectively, of NO,-in the solutions, as described in "Materials and Methods." About 1 h prior to the measurements the seedlings supplied with 10 mM NO,-were transferred to the solutions containing 1 mM NO,-.
RESULTS
Efflux Analysis
Effect of 6-MP, CHI, and pFPA on lnduction of Efflux System
To demonstrate that NO,-efflux is an inducible system requires that efflux activity be measured over a given time. This in turn requires that the roots first be loaded with NO,-. It has also been shown that efflux is dependent on interna1 NO,-concentration (Deane-Drummond and Glass, 1983a; Aslam et al., 1996) . The problem is that if this is in fact an inducible system the loading process will likely result in induction of the efflux system before measurements can be made. To overcome this difficulty the seedlings were incubated in the presence of a high NO,-concentration (10 mM) and inhibitors of RNA and protein synthesis (Fig. 2) . After 12 h the roots of seedlings treated with 6-MP, CHI, or pFPA accumulated levels of NO,-similar to those of the control roots (Table I) ; however, the cytoplasmic efflux of NO,-from the inhibitor-treated roots For experiment details and efflux data see Figure 2 . The data are means t SD (n = 2-3). Plant Physiol. Vol. 11 2, 1996 was considerably lower than that from control roots (Fig. 2) .
Time Course of lnduction of Efflux System
Figure 3 shows the comparative time courses for induction of the NO,-efflux and uptake systems from roots supplied with NO,-for different time intervals. To facilitate NO,-accumulation during the shorter time intervals, the seedlings were again supplied with higher NO,-concentrations (see legend to Fig. 3 ). There was a lag period of about 30 min in the induction of both systems (Fig. 3, inset) , followed by a period of rapidly increasing activity for 8 h, and then a continuing increase in activity at a reduced rate up to 24 h. Thereafter, NO,-efflux rates decreased slightly, and NO,-uptake rates remained constant for an additional24 h. Root NO,-content increased during the induction period (Fig. 4) . When roots were induced with 1 mM NO,-efflux rates were only about 20% lower than those for roots induced with 20 miv NO,-for the same period (Fig. 5A) , even though the NO,-concentration was decreased by about 50% (Fig. 5B) . Treatment with CHI prevented induction of the efflux system (Fig. 5A ), even though both treated and control roots accumulated similar levels of NO,- (Fig. 5B) .
Effect of NO,-Pretreatment
To determine the stability of the NO,-efflux system seedlings were induced with 1.0 mM NO,-for 24 h and NO,-for 30 min in the presence of CHI. Cumulative NO,-efflux and uptake were determined at different intervals, as described in "Materials and Methods." Cytoplasmic efflux and uptake rates were then calculated from the cumulative data (Fig. 1 ) . The inset shows the lag periods in the induction of NO,-efflux and uptake systems. then transferred to solutions containing NO,-with or without CHI. In the presence of CHI NO,-efflux rates decreased about 15% during the 12-h period, whereas uptake rates decreased about 50% (Fig. 6 ). In the absence of CHI efflux rates again decreased about 10%, but there was no decrease in uptake rates. During the 12-h treatment with CHI the NO,-content of roots increased by about 20% (M. Aslam, R.L. Travis, and D.W. Rains, unpublished data). Table I1 shows the comparative effect of CHI, pFPA, and 6-MP on the NO,-efflux and uptake system in "preinduced" roots. After 12 h NO,-efflux from inhibitor-treated roots was similar to that from control roots. H o w e v e r , NO,-uptake rates decreased by about 60% in the inhibitor-treated roots during the same period. Root NO,-levels were similar at the time of efflux measurement in a11 treatments (Table 11 ). 1 .O mM NO,-for 24 h. The seedlings were grown as described in Figure 1 . After 24 h of light the seedlings were induced with 1 mM NO,-for 24 h and then transferred to solutions containing 1 mM NO,-or 2 mM NO,-plus CHI. NO,-efflux and uptake rates were determined at different time intervals. NO,-efflux and uptake rates at 100% were 1.54 and 8.21 Fmol g-' h-', respectively.
Previous studies have shown that ambient NO,-induces the NO,-uptake system (Aslam et al., 1993) . To determine whether the efflux system can also be induced by ambient NO,-the seedlings were first pretreated with NO,-for 24 h and then loaded with NO,-in the presence or absence of RNA and protein synthesis inhibitors. NO,-efflux from the roots of pretreated seedlings was similar whether or not inhibitors were present (Table 111) . NO,-contents of the roots were also similar. However, NO,-uptake rates decreased about 60 to 75% when the inhibitors were present (Table 111) .
Effect of Deinduction on NO,-Efflux System
Figure 7 (solid bars) shows that NO,-efflux was much lower after the system was deinduced for 24 h. Root NO,- Seedlings were grown as described in Figure 1 . After 24 h of light the seedlings were pretreated with 1 mM NO,-for 24 h and lhen transferred to solutions containing 1 mM NO,-or 2 mM NO,-plus CHI, pFPA, or 6-MP. After 1 2 h of treatment with inhibitors, NO,-efflux and uptake rates were determined as described in "Materials and Methods." The data are means i : SD ( n = 2-3). concentration also decreased during the deinduction period (Table IV) . Thus, the lower efflux activity after deinduction could be due to either a decrease in root NO,-content or to an actual loss of activity of the efflux.system. Upon reinduction subsequent efflux activity increased only slightly in the presence of CHI, whereas NO,-content increased about 3-fold (Table IV) . In contrast, in the absence of CHI the efflux system was reinduced to about the same leve1 as that attained during the initial induction period.
Effect of NO,-during Deinduction on NO,-Efflux System
When present during the deinduction period NO2-increased NO,-efflux activity by about 2-fold over the con- (Table IV) were determined after induction, deinduction, and reinduction, as described in "Materials and
Methods."
www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved. (Fig. 7) , even though root NO,-concentrations were similar (Table IV) . When roots deinduced in the presence of NO,-were reinduced NO,-efflux activity increased similarly whether or not CHI was present (Fig. 7 , hatched bars). In contrast, reinduction of the uptake system in the presence of CHI was less than 60% of the controls, whereas NO,-accumulation was similar in each case (Table IV) .
DISCUSSION
The inducibility of a HATS-mediated NO,-uptake by roots of higher plants has been well documented (Jackson et al., 1973; Rao and Rains, 1976; Goyal and Huffaker, 1986b; Warner and Huffaker, 1989; Siddiqi et al., 1990) . However, because of problems inherent in studying the induction of the efflux system, to our knowledge, no information is available concerning that topic. The reason the efflux system is difficult to study is that the measurement of efflux requires that the roots contain NO,- (Aslam et al., 1994 (Aslam et al., , 1995 , and yet the uptake of that NO,-may simultaneously induce the efflux system. This could be accomplished if roots could be loaded with NO,-without inducing the efflux system. In the present study this was done by taking advantage of specific characteristics of the IHATS and LATS Siddiqi et al., 1990) . Experiments were devised in which NO,-was allowed to accumulate in the roots by constitutive HATS and LATS in the presence of RNA and protein synthesis inhibitors, which prevent the induction of IHATS (Jackson et al., 1973; Rao and Rains, 1976) and, if inducible, the efflux system as well. Like HATS, accumulation of NO,-by LATS also occurs against an electrochemical potential gradient (Glass et al., 1992) , but, being constitutive, this system is not affected by inhibitors of protein and RNA synthesis. In addition, since NO,-efflux is a function of root NO,-concentration (Deane-Drummond and Glass, 1983a; Aslam et al., 1994 Aslam et al., , 1995 , it was important that roots contained similar concentrations during efflux measurements. This was achieved by supplying high NO,-concentrations (10 mM) in the presence of inhibitors to facilitate uptake by LATS. Presumably, NO,-taken up by LATS accumulates in the same pools as NO,-absorbed by HATS (Glass et al., 1992) ; therefore, this should not affect subsequent efflux measurements.
Our results show that, after the release of free-space NO,-, cytoplasmic efflux of NO,-from roots that were loaded with NO,-in the presence of 6-MP and CHI, inhibitors of RNA (Key, 1966) and protein (Price, 1986) synthesis, respectively, was much lower (Fig. 2) . However, the concentration of NO,-in treated roots was similar to that in the control roots (Table I) . Thus, lower cytoplasmic NO,-efflux from roots supplied with the inhibitors was not due to a lack of NO,-. These results indicate that, like the NO,-uptake system, NO,-efflux may be a substrateinducible system that requires the synthesis of both RNA and protein(s).
It could be argued that NO,-absorbed under noninducing conditions or in the presence of the inhibitors may be sequestered in the root cells in such a manner that it is not available for efflux. However, our results show that this is not the case. When root NO,-concentration was varied during the acceleration phase of induction, the differences in the efflux rates at any given period were relatively small compared with the differences in root NO,-concentration (Fig. 5) , indicating that NO,-efflux is not merely a function of interna1 NO,-concentration of roots. Also, the fact that NO,-absorbed in the presence of the inhibitors following pretreatment with NO,-is effluxed at about the same rate as that absorbed in their absence ( Fig. 7; Table 111 ) indicates that it is available for efflux once the system is induced.
CHI is known to affect cellular processes other than protein synthesis (Ellis and MacDonald, 1970; McMahon, 1975) . For example, inhibition of protein synthesis may reduce the rate of respiration by reducing the cell's demand for ATP. Thus, prolonged treatment of the roots with CHI may affect plant metabolism such that NO,-efflux is impaired. However, inhibition by CHI occurred as early as 4 h after treatment (Fig. 5A) , and when Glc was supplied along with the inhibitor induction of the efflux system was still inhibited (M. Aslam, R.L. Travis, and D.W. Rains, unpublished data) , indicating that the inhibition was not due to a lack of energy supply. Chastain et al. (1981) observed that CHI inhibited H + efflux from corn roots. Whether CHI had a similar inhibitory effect on NO,-efflux could not be determined, because its presence in the efflux solution interfered with the determination of NO,-by HPLC. However, in our experiments CHI was not present in the efflux solution during measurements. Furthermore, since NO,-efflux from preinduced roots loaded with NO,-was similar whether or not CHI was present (Fig. 7) , it is unlikely that internal CHI has any inhibitory effect on NO,-efflux per se.
Because of the lack of specificity of CHI, the effect of pFPA on induction of the efflux system was examined. pFPA is an analog of Phe and when incorporated into proteins renders them ineffective without affecting protein synthesis (Schaefer et al., 1975; Pitman et al., 1977) . Schaefer et al. (1975) observed that oxygen consumption in barley roots was unaffected by pFPA, indicating that pFPA is less likely than CHI to have side effects on cellular energy metabolism. Exposure to pFPA suppresses the induction of IHATS in maize (Morgan et al., 1985) and barley (Behl et al., 1988) roots but has little effect on K+ uptake (Morgan et al., 1985) . In our experiments pFPA also inhibited induction of the efflux system (Fig. 2) , indicating that synthesis of functional protein(s) is required for induction of the efflux system.
Our results also show that the rate of release of freespace NO,-from the inhibitor-treated roots was lower than from control roots (Fig. 2) . If free-space NO,-consisted of that present only in the water-free space, then the rate of release from inhibitor-treated and control roots should be similar. This discrepancy could be accounted for by NO,-binding to the cell wall (Presland and McNaughton, 1984; Siddiqi et al., 1991; Kronzucker et al., 1995) . If this is true, then the inhibitors not only affected the synthesis of proteins associated with efflux but also altered basic cellular processes to such an extent that cell-wall properties were changed. Siddiqi et al. (1991) and Kronzucker et al. (1995) considered the possibility that NO,-binding to the cell wall was mediated by a specific binding protein, but they were unable to conclusively demonstrate that proteins were involved in the process. However, the consistent lowering of efflux from inhibitortreated roots (Fig. 2) seems to imply that inhibition of protein synthesis decreased cell wall binding of NO,-, as well as its cytoplasmic release. This suggests that a specific protein(s) may be responsible for binding NO,-to the cell wall. Presumably, this is similar to the anion-binding proteins found in other species, e.g. for P0,3-and so,'- (Siddiqi et al., 1991, and refs. therein) .
The time course for induction of the efflux system was comparable to that of the uptake system (Fig. 3) . Following a lag period of about 30 min, both uptake .and efflux rates increased rapidly for 10 to 12 h. In addition, both systems appear to have constitutive activities. For the efflux system the constitutive rates were about 0.3 to 0.4 pmol g-' h-l. Siddiqi et al. (1991) reported efflux rates of 0.03 pmol 8-l h-l from uninduced barley roots preloaded with only 0.01 mM ',NO,-for 30 min. In our experiments, however, the roots were loaded with 20 mM NO,-for about 20 min in the presence of CHI and accumulated significant levels (6.75 pmol g-') of NO,-. It could be argued that following the lag period the rapid increase in efflux rates may be due solely to enhanced accumulation of NO,-rather than to induction of the efflux system per se (Fig. 4) . However, our results argue against this interpretation. When the roots were allowed to accumulate NO,-in the presence of inhibitors for 12 h, efflux rates were about the same as those from roots that absorbed NO,-for only 30 min, even though the concentration of NO,-in the former roots was much higher (Figs. 2-4 ; Table I ). In addition, when roots were induced with 1.0 mM NO,-, efflux rates were only about 20% lower than those from roots induced with 20 mM NO,-for the same period, even though the internal NO,-concentration was reduced by 50% (Fig. 5) . This indicates that during the acceleration phase NO,-efflux was limited more by the induction of the efflux system per se than by root NO,-concentration.
Deane-Drummond and Glass (1983a) reported that NO,-efflux rates were strongly correlated with its concentration in the root. In our experiments, although the NO,-content of roots increased between 24 and 48 h (Fig. 4) , NO,-efflux rates decreased by about 15% during the same period (Fig. 3) , indicating a lack of correlation between NO,-efflux and root NO,-concentration once full induction of the system is achieved. In fact, our recent experiments with cotton show that, although NO,-content in roots increased 3-fold, the corresponding increase in NO,-efflux was only 20 to 30% (M. Aslam, K. Nielson, R.L. Travis, and D.W. Rains, unpublished data).
Our results indicate that NO,-also induced the NO,-efflux system. When roots pretreated with NO,-were loaded with NO3-in the presence of CHI or 6-MP, NO,-efflux rates were about the same as those of the controls (Table 111 ). How NO,-induces the efflux system cannot be ascertained from this study; however, it is likely that induction of the efflux system by NO,-may be facilitated by the same mechanism as that of the influx system (Aslam et al., 1993) . When roots induced with NO,-were loaded with NO,-for a short time in the presence of CHI, significant efflux of NO,-occurred (M. Aslam, R.L. Travis, and D.W. Rains, unpublished data) . Very little NO,-accumulated in the roots of seedlings induced with NO,- (Aslam et al., 1993) . This indicates that, as with induction of the uptake system (Aslam et al., 1993) , induction of the efflux system does not require NO,-accumulation. It is also likely that NO,-may induce its own efflux system capable of effluxing NO,-.
Unlike the uptake system, the efflux system was stable as long as NO,-was present. Evidence for this comes from two sets of experiments. In the first, RNA and protein synthesis inhibitors had no effect on NO,-efflux from roots pretreated with NO,-, whereas uptake rates decreased 50 to 60% during the same period ( Fig. 6 ; Table 11 ), suggesting that efflux proteins have slower turnover rates than uptake proteins. From the second deinduction/reinduction experiments, the results also suggest that the efflux system is more stable than the uptake system (Fig. 7) . When seedlings were induced for 24 h and then deinduced by incubation in an NO,--free solution for 24 h, NO,-efflux rates decreased significantly (Fig. 7, solid bars) . Since the NO,-content of the roots also decreased during deinduction (Table IV) , the decrease in NO,-efflux rates could be due to a limitation of root NO,-content rather than to an actual loss of efflux system activity. However, when the Plant Physiol. Vol. 11 2, 1996 roots were reinduced with NO,-in the presence of CHI, there w a s little increase i n the efflux rate (Fig. 7, solid bars) , even though the NO,-content increased to the same leve1 as before deinduction (Table IV) . Although in the presence of NO,-efflux activity w a s not lost when its synthesis w a s inhibited by CHI ( Fig. 6; Table 11 ), it w a s apparently not stable during deinduction i n NO,--free medium. NO,-also prevented the loss of efflux activity during the deinduction period (Fig. 7, hatched bars) . In fact, when NO,-w a s present d u r i n g the deinduction period, efflux activity was actually higher following deinduction. When these roots were subsequently loaded with NO,-in the presence of CHI, efflux activity w a s about the same as before deinduction treatment.
I n summary, o u r results show that, as with the NO,-uptake system, the NO,-efflux system may b e a substrateinducible process that requires the synthesis of both R N A a n d protein(s). Inhibition of induction by pFPA indicates that Phe is a component of the system. The efflux system is also induced by ambient NO,-. However, unlike the uptake system, once induced the efflux system is relatively stable i n the presence of inhibitors of R N A a n d protein synthesis as long a s NO,-o r NO,-is present. The observation of differential turnover rates for the uptake and efflux systems supports o u r previous suggestion that influx a n d efflux are independent processes (Aslam e t al., 1995) .
